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In the figure the developed numerical model for woven fabric composites 
is shown on the left. The composites woven meso structure can be observed  
on the microscope image on the right.  
 
Problem area 
Composite material has been a 
focus for the Dutch aerospace 
industry during the last decade and 
innovative methods are necessary to 
stay competitive and maintain a 
high technological level. The woven 
composite laminates are a specific 
type of composites which are 
commonly known as plain weave 
fabric, harness satins and braided 
types, applied to a variety of 
aerospace structures e.g. landing 
gear components and lugs. These 
materials exhibit complex weave 
patterns resulting in local fibre 
waviness, resin rich areas and 
undulations of the woven fibre 
bundles (yarns). In structural 
analysis of composite material the 
homogenized approach by 
combining the fibre and resin in one 
material model is common in the 
aerospace industry but not capable 
of capturing the local effects for this 
type of woven composites. For 
detailed structural analysis of these 
woven composites including 
‘virtual certification’, the spatial 
variation in stiffness and strength 
properties throughout the laminate 
is necessary to predict the macro-
scale behaviour with greater 
accuracy. 
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Description of work 
A modelling and simulation method 
is presented for woven composites 
on a combined meso and macro 
scale. The carbon yarns are 
embedded in the matrix material 
using the Independent Mesh 
modelling approach. This is 
combined with a progressive 
damage model for the yarns and 
plasticity for the matrix material. 
The yarn dimensions under loading 
are derived from the micro-structure 
through experiments performed in-
situ under a light microscope. The 
presented method can be used for 
different woven composite 
architectures. For illustration of the 
approach a model of a 4H-satin 
woven composite is created and 
analysed under different loading 
situations.  
 
Results and conclusions 
The results of the presented 
approach are encouraging and can 
be used to gather detailed 
information on the local strain state, 
damage initiation and progression 
in the woven laminate. 
Delamination in the woven 
composite can be assessed with 
higher accuracy because of the local 
strain state of the individual woven 
plies. For the delamination model 
the cohesive surface approach is 
used. 
 
Applicability 
Because of the parametric setup of 
the presented meso-macro woven 
composite model, it is possible to 
change the topology and type of 
weave with minimal adjustment. 
The applications most interesting 
for Dutch aerospace industry are 
structural analysis of woven 
composites and use in 
manufacturing simulations 
including resin transfer moulding 
(RTM) and press-forming. 
Progressive damage simulations for 
determining residual strength can be 
performed with the presented 
approach. 
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Summary 
Composite material has been a focus for the Dutch aerospace industry during the last decade 
and innovative methods are necessary to stay competitive and maintain a high technological 
level. The woven composite laminates are a specific type of composites which are commonly 
known as plain weave fabric, harness satins and braided types, applied to a variety of aerospace 
structures e.g. landing gear components and lugs. These materials exhibit complex weave 
patterns resulting in local fibre waviness, resin rich areas and undulations of the woven fibre 
bundles (yarns). In structural analysis of composite material the homogenized approach by 
combining the fibre and resin in one material model is common in the aerospace industry but 
not capable of capturing the local effects for this type of woven composites. For detailed 
structural analysis of these woven composites, the spatial variation in stiffness and strength 
properties throughout the laminate is needed to predict the macro-scale behaviour with greater 
accuracy. 
 
A modelling and simulation method is presented for woven composites on a combined meso 
and macro scale. The carbon yarns are embedded in the matrix material using the Independent 
Mesh modelling approach. This is combined with a progressive damage model for the yarns and 
plasticity for the matrix material. The yarn dimensions under loading are derived from the 
micro-structure through experiments performed in-situ under a light microscope. The presented 
method can be used for different woven composite architectures. For illustration of the approach 
a model of a 4H-satin woven composite is created and analysed under different loading 
situations.  
 
The results of the presented approach are encouraging and can be used to gather detailed 
information on the local strain state, damage initiation and progression in the woven laminate. 
Delamination in the woven composite can be assessed with higher accuracy because of the local 
strain state of the individual woven plies. For the delamination model the cohesive surface 
approach is used. 
 
Because of the parametric setup of the presented meso-macro woven composite model, it is 
possible to change the topology and type of weave with minimal adjustment. The applications 
most interesting for Dutch aerospace industry are structural analysis of woven composites and 
use in manufacturing simulations including resin transfer moulding (RTM) and press-forming. 
Progressive damage simulations for determining residual strength can be performed with the 
presented approach. 
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Abbreviations 
4H satin Type of woven composite 
ABAQUS Finite element programme 
BC Boundary Conditions 
DCB Double Cantilever Beam  
FE Finite element 
OHT Open Hole Tension 
RVE Representative Volume Element 
UD Uni directional composite 
VUMAT User material for explicit analysis 
 
 
Symbols 
α Thermal expansion coefficient 
C Coefficient in plastic model 
d1, d2, d12 Damage parameters in model 
ε12
el, ε12
pl
 Shear strain, elastic, plastic 
E, E1, E2 Elastic Young’s moduli in 1/2 directions 
G12 Elastic shear moduli in 1/2 directions 
GIc Delamination mode I energy  
GPa Giga Pascal 
mm millimeter 
N, kN Newton 
ν, ν12, ν23 Poisson’s ratio 
MPa Mega Pascal 
p Coefficient in plastic model 
S Shear strength 
σy0 Threshold stress for plastic model 
t thickness 
Xt Fibre tension strength 
Xc Fibre compression strength 
Yt Matrix tension strength 
Yc Matrix compression strength 
 
  
NLR-TP-2012-129 
  
 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This page is intentionally left blank. 
  
NLR-TP-2012-129 
  
 7 
 
Modelling and simulation of damage in woven fabric 
composites on meso-macro level using the Independent Mesh 
Method 
 
Abstract: Composite material with woven architectures has become a common material in 
today’s in-service aircraft with applications in primary and secondary structures. Within the 
research community the simulation of woven composites with its complex microstructures 
including undulations and fibre waviness is still an active topic. A common approach for 
simulation of these types of composites often includes homogenization of the local fabric 
response (meso level) for macro level analysis and consequently losing the spatial variations in 
the laminate. In this paper a modelling and simulation method is presented for woven 
composites on a combined meso and macro scale to preserve this spatial variation. The carbon 
yarns are embedded in the matrix material using the Independent Mesh Method. This is 
combined with a progressive damage model for the yarns and plasticity for the matrix material. 
The results of the presented approach are encouraging and can be used to gather detailed 
information on the local stress state and damage in the woven structure and therefore a better 
prediction on higher levels in the structure. 
 
Keywords: composites, woven, fabric, finite element simulation, independent mesh, meso, macro 
level 
 
 
 
 
1 Introduction 
Composite material is currently common in aircraft primary and secondary structures since the 
introduction on larger components in the early eighties. Nowadays the woven composite fibre 
architectures such as fabric and braids are used for different aerospace applications ranging 
from movables to landing gear components. The woven architectures overall show better impact 
damage resistance compared to Uni-directional (UD) fibre laminates. Main contribution is the 
interlocking of the yarns present within the woven architecture resulting in a higher out of plane 
strength.  
 
Woven fabric composites exhibit a complex micro and meso structure because of the 
interwoven yarns in warp and weft direction. Common woven fabric architectures are plain 
weave, satin weave and twill weave. When a laminate cross section is examined it gets clear that 
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there is a large non-uniformity in the structure as shown in Figure 1. Three regions can be 
identified in the cross section of the woven fabric composite, the warp yarns, weft yarns and the 
resin. The warp and weft yarns in the woven composite have a high fibre density and show a 
high contrast with the resin rich areas in the composite. This results in a large variation of local 
fibre volume fraction and stiffness throughout the laminate.  
 
 
 
Figure 1: (a) Schematic view of a woven fabric composite where the warp and weft yarns 
can be identified. The undulation is typical for woven structures. (b) A microscope-view of a 
fabric cross-section in which the warp and weft yarns can be identified. Transverse matrix 
cracks are present which can result in delamination initiations at the yarn boundary.  
 
 
Since woven composites are used in various aerospace structures an accurate evaluation of the 
mechanical properties is paramount. Global stiffness and strength properties can be determined 
experimentally but testing of local mechanical behaviour and isolation of damage mechanisms 
in an experimental setup is difficult. It is necessary to have reliable simulation models that also 
include these local effects. This requires the inclusion of the spatial variation within the 
laminate in the simulation model for accurate prediction of the local stress. In literature there 
has been extensive work in this field. 
 
Simulation of woven fabric laminates is commonly addressed with the use of multi-scale 
analysis including a Representative Volume Element (RVE) for the fabric architecture. An RVE 
for a meso to macro approach consists of yarn and matrix sections that represent the local weave 
architecture of the composite using a representative size for the entire fabric. In work by Pinho 
and De Carvalho [1][2] the RVE is used to investigate the stiffness properties and damage 
behaviour. A similar approach is used by Potluri [3] for uni-axial and biaxial loading and Wang 
[4] for the influence of a sensor on the mechanical properties in woven composites by using 
RVE. Interesting work on visualizing the yarn deformation under loading is presented by Badel 
[5] with the use of X-ray tomography. More recent work by Maxwell et al. [6]proposed an 
alternative method for homogenization with the use of macro-elements to capture the fabrics 
behaviour. For consolidated woven composites the RVE approach is commonly used in 
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literature to derive a homogenized macro material model. With this homogenized macro-
material model important information such as the geometric influences of the yarns e.g. 
undulations and fibre waviness is lost.  
 
Within this paper the damage mechanisms for fabric composites are determined by observations 
made in experiments on micro and macro level. Local effects observed in the experiments form 
the bases for development of the meso-macro simulation approach that uses independent 
meshes for yarn and matrix material. The yarn geometries including undulations are created for 
the entire weave geometry in order to include the spatial variation effects. Damage mechanics 
are used in the yarn for fibre and matrix failure model and fracture mechanics to include the 
delaminate mode. Model calibration for a satin 4H weave is performed for the tension, 
compression and shear load cases. Results are shown for several cases including open hole 
tension, impact and use of the approach as local refinement. 
 
 
2 Damage observations in woven fabric composites 
This section outlines the experiments that have been performed in order to gather more insight 
in the composite structures damage and failure behaviour. Using these experimental results, 
material models used for simulation are developed and improved in order to predict the 
composites behaviour. An important part is the in-situ visualization of the composites micro-
structure for investigation of local damage initiation and damage growth mechanisms. Also 
macro level experiments are performed to determine material properties and create validation 
cases. 
 
Several test-setups are created for tensile, compression and out-of-plane loading based on the 
standardized ASTM tests [10]. While most of the tests are performed with the light microscope, 
a selection is also visualized with a high-speed camera to capture rapidly occurring events. 
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t = 250 sec ~  F = 400 N t = 345 sec ~  F = 560 N 
t = 195 sec ~  F = 165 N t = 2195 sec ~  F = 168 N 
 
Figure 2: A sequence of damage growth on the micro-scale in a composite is shown with a 
microscope view. As can be observed the crack propagates along the fibre/matrix boundary and 
through the matrix itself. Fibre cracks are not observed for this experiment. These images show 
the irregularity of the fibre distribution within the structure making simulation on this scale 
impractical. 
 
The designs for the composite coupons are derived from the ASTM and AITM standardized 
tests with smaller dimensions. The different tests are aimed at isolating a certain aspect of the 
composite material mechanical behaviour. A separation can be made between in-plane load and 
out-of-plane loads. The in-plane loads are in warp and weft direction of the fabric and are the 
preferred load directions for the composite material. These tests include the tension, 
compression and bending tests. The out-of-plane tests are especially aimed at the delamination 
behaviour of the composite material in peel mode I, see Figure 2. The peel mode delamination 
behaviour is tested with the standardized double cantilever beam (DCB) setup. 
 
For load application on the micro-specimen the Gatan Micro-test 5000s module is used. 
Because of the small dimension of the test-bench it can be used in various applications such as 
the vacuum chamber in a Scanning Electron Microscope (SEM). This test bench can apply load 
to the specimen in tension, compression and bending up to a maximum of 5 kN. For the 
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presented research the damage in the Hexcel M18/G939 fabric epoxy composite material with 
4H satin weave pattern [8] has been intensively investigated. From the experiment observations 
the three damage modes could be clearly identified with matrix cracks around the fibres forming 
at relative low loads and growing towards transverse matrix cracks across the yarn. Inter-ply 
delaminations between the warp and weft yarns and intra-ply delamination are observed which 
are important for the overall laminate stability under compression load. 
 
On the macro-level a variety of calibration and validation tests were performed on the same 
M18/G939 fabric composite material. In some of these tests the yarn could be clearly identified 
after final failure. Especially in the in-plane shear load cases the failure of the matrix material 
could be observed with partly intact yarns. An example of the in-plane shear test is shown in 
Figure 3. Also failed coupon with loading in yarn direction showed separation of individual 
yarns.  
 
       
Figure 3: (a) In-plane shear experiment where the yarns can be identified in the damaged 
areas. (b) An Open Hole Tensile experiment with digital image correlation patterns. The 
damage in the composite including individual yarns can be identified. 
 
At macro-level the 2D digital image correlation (DIC) is commonly used to derive the 
deformation and strain of the tested coupon. This uses a speckle pattern with random dot sizes 
and a high-resolution camera to capture the deformed speckle pattern while testing. During post-
processing of the strain results some local variations are observed in the fabric composites. One 
hypothesis is the surface strains, as measured by the DIC method, captures the local strain 
variation caused by the fabric pattern. Although it is known that in general the DIC strain 
calculations can suffer from significant noise, it is interesting to further investigate this effect in 
more detail. In Figure 4 two DIC result are shown for open-hole tension experiments where 
local strain effects are present that might be related to the fabric weave. 
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Figure 4: (a) Digital image correlation result of a composite coupon which includes three holes. 
An absolute strain difference is plotted where some local deviations, which might be caused by 
the weave pattern, can be observed. (b) A single open-hole tension test with strain value. Also 
here some repeating local effects are observed. A detailed weave simulation model can help 
determine the extent of local strain variations on the coupon surface and might clarify the DIC 
strain results in the figures. 
 
In the performed experiments the woven fabric damage behaviour is identified. To get a better 
understanding of the local behaviour of the fabric composites the meso-macro approach using 
independent meshes is proposed. This approach enables the investigation of the local effects 
such as observed in the DIC which might be caused by the local surface strain variation. The 
meso-macro approach uses independent meshes and will be further discussed in the next 
section.  
 
 
3 Model approach 
In this section the modelling approach is shown, followed by the numerical approach in section 
4 and results in section 5 and 6. The meso-macro woven composite model is created to 
investigate the effect of local fibre volume fraction variation in the fabric composites. In the 
approach, newly developed scripts are used in combination with existing numerical methods for 
embedding meshes and progressive damage models. The micro-level experimental data is used 
to define yarn dimension and the macro experiments are used for model calibration and 
validation. 
 
The first step is to define the yarn geometries as simplified shell topologies using a Python 
script. One simplification is the use of a constant thickness applied to the S4R element shell 
yarns whereas in reality the thickness distribution is elliptical shaped. Control points for each 
yarn in the fabric are created, defined according to the input parameters such as yarn width and 
fabric architecture. The base-function for the undulation control points are defined by the ply 
thickness parameter (t) and the following vector for the out-of-plane location: 
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  txy  0.05.00.15.00.0)(      (1) 
 
With this base function a sine-like shape is created for the yarns at undulation locations. 
Different architectures can be created such as plane weave or satin-4H by repeating 
representative sections. 
 
Figure 5: Spline construction line with control points for creation of a yarn shell section. For 
each yarn within the laminate the spline and shell geometry is constructed to acquire the weave 
pattern. The shell geometry of the yarn allows efficient simulation including spatial variation. 
 
For plain weave the undulation shape can be easily created using identical odd and even yarns 
that are combined in a fabric model. A vector is defined to determine the control points 
according to the ply thickness which is repeated until the required dimensions are achieved. For 
the neighbouring warp yarns the undulation is shifted one yarn width to acquire a weave-like 
topology. The same is done for the weft direction yarns to complete the weave model. 
The satin-4H weave is more complex because the repeating shape is not odd and even but a 4x4 
size. The undulations have specific locations within the laminate and have to be included in the 
model. Using the Python script the repeating shape is create and repeated for large size 
laminates. All parameters can be adjusted to create a different waviness ratio, which is defined 
as mat thickness divided by length of the unit cell.  
 
 
Figure 6: Weave models of satin-4h pattern with different dimension. (a) The 4x4 weave is the 
basis repeating geometry that can be extended to larger weave section. The models for (b) 8x8 
weave and (c) 52x52 weave are shown. 
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From the geometric model for the fabric an independent mesh is created. Using the bounding 
box dimensions of the created weave structure, the independent resin host volume mesh using 
C3D8R elements is created. In case of the shown weave model this is a simple rectangular plate 
with thickness t and equal length and width as the weave. With both independent meshes for 
fabric weave and resin the composite ply can be created using the independent mesh method 
described in the next section. The fabric yarn mesh and resin mesh can be adjusted by removing 
material such as holes or notches. Also the individual meshes can be adjusted independently 
without redefying constraints or boundary conditions. With the use of shell elements for the 
yarns and single layer volume elements the computational effort is slightly increased compared 
to a homogenized macro model approach. 
The current implementation for the meso-macro model is aimed at flat geometries. With little 
effort it will be possible to extend to single curved geometries. Double curved geometries are 
problematic because the fabric will shear in reality before curing and therefore a draping 
simulation is required. 
 
 
4 Numerical approach 
The weave mesh is ‘bonded’ with the volumetric matrix geometry using the embedded element 
method within ABAQUS
®
[9]. This enables the use of independent meshes to be combined and 
thus representing the fabric composite, as shown in Figure 7. From the models meshes the 
distance between nodes of the embedded elements (yarns) and the host element (resin) is 
calculated. If an embedded node lies within a host element, the translational degrees of freedom 
of the embedded node are interpolated from the host element using an internal constraint. 
Consequently this constraint can introduce additional spurious stiffness and may lead to wrong 
results. This will be investigated with the calibration and validation cases. Also the combined 
mesh produces an overlap in material that should be compensated in material stiffness and 
strength. The model calibration is important to determine the required stiffness and strength for 
different load directions. The strain output of the meso-macro approach can be used from the 
separate meshes whereas care should be taken with the stress output since this value is a 
combination of both meshes. 
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Figure 7: Combined weave mesh with warp and weft yarns and resin mesh (white). The weave 
mesh is inserted in the volume resin mesh at the correct location. In the pre-processing step 
both meshes are automatically coupled on node-bases. This allows independent adjustment of 
the mesh without redefining the boundaries or coupling constraints.  
 
Within the meso-macro model a progressive damage method is used for the yarn material. The 
damage for the yarns follows the Hashin failure criterion [7] with four different failure modes: 
fibre tensile failure, fibre compression, matrix tension and matrix compression failure as stated 
in Table 1 [7]. The Hashin failure criterion is chosen because of availability and common use 
for composite material. Future improvement in this area can be achieved by implementing the 
LaRC04 failure criteria with in particular for compression better correspondence with 
experimental results.  
The yarns are assumed uni-direction material when looking at the microstructure with a high 
density fibre packing. For the failure criterion definition the 1-direction is in fibre direction and 
the 2-direction perpendicular to the fibre with matrix loading. 
 
Table 1: Hashin failure criterion used for the yarn progressive damage model. Four modes can 
be identified; the fibre-direction (1-direction in yarn) and the matrix failure perpendicular to the 
fibre direction (2-direction in yarn) for tension and compression. 
 Tension  Compression 
Fibre-direction     
22
1211
SX
t
f T
F

   211
cX
c
fF

  
Matrix-direction    
22
1222
SY
t
m T
F

  
       22
2
2
2
122222 1
SYS
Y
S
c
m C
CF


 
 
The matrix material is modelled as an isotropic elastic-plastic material using the linear Drucker-
Prager plasticity that enables a higher compression yield stress value compared to the tension 
load direction. Within the research the aim is to simulate a specific composite fabric, the Hexcel 
M18/G939 on which also tests have been performed. The dimensions for the yarns are derived 
from microstructure images. The cured ply thickness is approximately 0.23 mm where the 
measured yarns thickness is 0.115 mm with a width of 1.8mm. The material properties for the 
yarns in the meso model are the Uni-directional properties from the manufacturer’s data sheet 
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shown in Table 2 and adjusted according rule of mixture to the local fibre volume fraction 
increase of 83% (estimation from microstructure fibre packing). The resin-only properties are 
shown in Table 3 and are also derived from the manufacturer’s data sheet. 
 
Table 2: Hexcel M18/G939 UD properties (data sheet) 
E1 
[GPa] 
E2 
[GPa] 
G12 
[GPa] 
ν12 ν23 XT  
[MPa] 
XC  
[MPa] 
YT  
[ MPa] 
YC 
 [MPa] 
S 
[MPa] 
128 9.3 4.5 0.31 0.29 1750 1200 55 220 95 
 
Table 3: Hexcel M18/G939 resin properties 
E [GPa] ν XT [ MPa] GIc [J/m
2
] 
4.2 0.40 66 230 
 
Laminates on the meso-scale are created using the individual fabric plies with embedded yarns 
in the matrix material and defining a fracture mechanics delamination approach. The cohesive 
contact method with the Benzeggagh-Kenane law [9] for mixed modes is used for the 
delamination behaviour between the individual plies. The boundary conditions in the simulation 
correspond to the support and load applications in the experiments.  
With the described progressive damage criteria the damage mechanisms observed in the 
experiments can be captured. The transverse matrix cracks are simulated using a damage 
mechanics approach with the Hashin criterion. The intra-ply delamination mechanism is 
simulated using the cohesive contact approach. 
For comparison of the simulation results (verification) a macro-scale model is used which uses a 
homogenized ply approach for the fabric material. The Finite Element model includes both 
damage mechanics and fracture mechanics using the same cohesive contact approach as with 
the meso-macro model. Ply damage behaviour is simulated using a fabric user material model 
(VUMAT). The macro model has been calibrated with the experimental tests results of which 
the material data are shown in Table 4. 
 
Table 4: Hexcel M18 fabric G939 properties (tests) satin 4H harness weave 
E1 [GPa] E2 [GPa] G12 [GPa] ν12 XT 
 [MPa] 
XC 
 [MPa] 
YT  
[ MPa] 
YC 
 [MPa] 
S  
[ MPa] 
65 65 4.8 0.3 900 750 850 850 100 
 
The inter-ply damage initiation and progression method uses the formulations stated in Eq. 2 - 
5. The fabric-reinforced ply is modelled as a homogeneous orthotropic elastic material with 
progressive stiffness degradation due to fibre/matrix cracking and plastic deformation under 
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shear loading. The elastic stress-strain relation of the material model is given in Eq. 2. The basic 
initiation criterion ϕa for fabric fibre failure with Xα the tensile/compressive strengths along the 
fibre directions (warp/weft) is defined as in Eq. 3. 
 
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(2) 





X
~
  (3) 
In the following section the shear response including plasticity is shown. The relation between 
the effective shear stress 12
~  and elastic shear strain ε12 is given in Eq. 4 including the shear 
hardening law shown in Eq. 5. Here the parameters C and p are derived from test calibration to 
fit the hardening law using in-plane shear tests. A correct shear model with plasticity is 
important for redistribution of loads in the fabric composite material. 
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The macro-scale model has been intensively used for prediction of the damage behaviour of 
experiments. Because the stiffness and strength is defined on a global level the local fabric 
weave information is lost. In the next section the proposed meso-macro model is calibrated with 
performed experiments. This is followed by the results section where the meso-macro approach 
and homogeneous macro model will be compared and validated with experimental results. 
 
 
5 Calibration of material model 
In this section the first results of the proposed meso-macro approach are assessed and the model 
is calibrated with experimental results. Initially the stiffness response is compared to determine 
whether the model is correctly implemented and the results are as expected. The calibration is 
performed by separating the load and failure modes as tested by common ASTM and AITM 
norms. 
The stiffness and strength for in-plane tension, compression and shear is simulated using the 
meso-macro approach with a small representative model, see Figure 8. Progressive damage as 
described in the previous section is enabled for determining the strength measures for the meso-
macro approach. 
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Figure 8: (a) Tension loading on the 4x4 model with Hashin fibre damage shown. (b) 
Compression loading of the same 4x4 model and (c) shear loading results.  
 
Within the meso-macro structure, significant stress concentrations are observed in the individual 
plies, especially near the undulations. This is caused by the large strain gradients due to the 
stiffness variations and the bending of the yarn itself (non-linear behaviour) under load. Also the 
embedded element constraints with host elements which are automatically imposed can have an 
influence one the local stiffness. In Figure 9 the loading curves for tension and compression are 
shown. 
 
 
Figure 9: (a) Tension and (b) compression load displacements calibration results. It shows the 
initial stiffness is captured very well with the meso-macro approach. Also the non-linear 
behaviour as observed in the compression experiments is captured with the simulation.  
 
The loading curves show good initial stiffness and strength correspondence between the 
experiments and the calibrated meso-model. The stiffness behaviour at larger strains shows an 
increasing stiffness (non-linear) for the tensile experiment where the meso-model shows a small 
decrease. Within the simulation results severe matrix damage is observed which accounts for 
this reduction in stiffness. For the compression mode the loading curve and non-linear 
behaviour corresponds very well. The calibrated meso-macro approach is further assessed with 
validation cases shown in the next section. 
A mesh size study shows little influence on the global stiffness and stress convergence is 
achieved for elements smaller than 0.5 mm. 
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6 Results 
In this section several cases are discussed for which experimental results are available in order 
to further assess the proposed meso-macro model. The cases include open hole tension (OHT) 
for two laminates as shown in Figure 10, a standardized impact case (ASTM D7136 [10]) and a 
larger structure where the meso-macro model is used as local refinement. 
 
Figure 10: (a) Open-hole tension specimens with the 0/90 and -45/45 lay-ups. The laminate 
used consists of 10 layers. The hole diameter is 5 mm for both laminates. (b) The standardized 
impact setup with 16 mm radius impactor. The size of the coupon is 100 x 150 mm. 
 
The open hole tension (OHT) experiments for both 0-degree and 45-degree fabric laminates 
with 10 plies are performed. The experimental and simulation results are compared for the 
predictive capability of the presented approach. In Figure 11 the stress concentration well 
known for OHT test is shown with tensile stress at the sides of the hole in the middle section. In 
the yarns close to the hole large stress variations can be observed and also the far field stress 
variation in the laminate. It is expected that a shift in the hole location or fabric alignment will 
have an influence on the stress concentration and failure load. 
 
     
Figure 11: (a) Max. principal stress in the matrix with a stress concentration around the hole for 
the 10-ply 0-degree laminate. The variation in local stress can be observed. (b) Detail of a failed 
coupon where the yarns geometries can be identified. 
 
The 45 degree laminate open hole tension case is more matrix governed and Figure 12 shows 
the typical stress and shear bands for this type of test. The failure occurs in the X-shape around 
hole as also observed in the experiment. 
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Figure 12: (a) Maximum principal stress in the matrix with an expected stress concentration 
around the hole for the 10-ply 45-degree laminate. The variation in local stress can be 
observed. (b) Damage near the open hole in the experiment at similar load. 
 
From the shown OHT cases the 0-degree laminate strength is primarily governed by the fibre 
strength Xα whereas the 45-degree laminate the matrix plasticity and failure stress is important. 
In Table 4 an overview is shown of the validation case results and the error between the 
experimental and numerical values. 
 
Table 5: Validation cases for the meso-macro model 
Specimen 
ref. 
Experiment
al value 
Meso-macro 
model  
Error 
(%) 
VUMAT 
model 
Error (%)  
OHT 
tension 
13.15 kN 12.63 kN 4.12 % 13.37 kN 1.65% 
OHT shear 9.69 kN 9.75 kN 0.7% 9.82 kN 1.3 % 
 
The D7136 impact setup is simulated with the meso-macro model for the composite plate. The 
impact energy of 20J is applied on a relative thin laminate of 10 plies and a total thickness of 
2.3 mm. In the experiment a high level of damage was observed with partly protrusion of the 
impactor in the laminate. The results of the simulation with local damage near the impact 
location are shown in Figure 13. 
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Figure 13: (a) Simulation with the meso-macro model showing significant local damage on the 
top side of the laminate after the 20J impact. (b) Load response of the meso-macro approach 
versus the experimental results. It can be observed that the initial response is accurate. Above 
2500 N the FEM results start to deviate from the experimental results because of the high level 
of damage (protrusion) 
 
The last case shown includes the local refinement of a larger structure with the meso-macro 
approach. A shear panel with cut-out has been extensively tested for static and fatigue in the 
rounded radius, see Figure 14. A stress concentration on the tension and compression diagonals 
is present and very interesting to further assess with the meso-macro approach. The shear panel 
is constructed from a honeycomb laminate with thin face sheets and general dimension of 250 x 
250 mm.  
 
 
Figure 14: (a) Shear panel with local refinement (arrow) using the meso-macro approach. The 
local refined part is connected to the neighbouring face-sheets and honeycomb structure. The 
strain response of the global and local structure corresponds with the reference. (b) Also more 
detailed information near the stress concentration within the individual yarns can be observed. 
 
Results are shown in this section for a variety of cases including a local refinement using the 
meso-macro approach with independent meshes. The quantitative comparison for the open-hole 
tension cases as shown in Table 5 shows good accuracy of the failure strength compared to the 
homogenized macro model and experimental results. Also qualitatively the damage observed in 
the meso-macro simulation shows good correspondence with the experimental results.  
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With the impact case shown in this section a good initial response with the use of the meso-
macro approach is observed. When damage grows to a great extend (protrusion of impactor) the 
load response starts to deviate. The qualitative case of local refinement of a shear panel with the 
meso-macro approach shows a good strain response when compared to the reference 
simulations. Some issues regarding the transition from global shell structure to the meso-macro 
meshes are identified but not directly related to the meso-macro approach. 
 
 
7 Conclusions 
Within this paper the observations from experiments on woven fabric composites on a micro 
and macro scale are shown. The local spatial variation observed in the microstructure and in 
macro experiments form the bases for a meso-macro modelling approach presented in this 
paper. The yarn geometry with undulations is created for the entire weave geometry in order to 
obtain the spatial variation effects. Damage mechanics are used in the yarn for fibre and matrix 
failure model and fracture mechanics to include the delamination failure mode. Model 
calibration for a satin 4H weave is performed for the tension, compression and shear load cases. 
Results are shown for several cases including open-hole tension, impact and use of the approach 
as local refinement on a larger representative structure for better prediction of the behaviour. 
 
With the meso-macro approach it is possible to capture the stiffness behaviour of the woven 
fabric composites including material nonlinearities. The quantitative comparison for the open 
hole tension cases shows good agreement of the failure strength compared to the homogenized 
macro model and experimental results.  
For the impact case shown a good initial load-response is observed with the use of the meso-
macro approach. As the local damage around the impactor grows to a great extend (protrusion 
of impactor) the load response starts to deviate. More research is needed for this particular case 
with different impact energies to determine the reason for the deviations. The qualitative case of 
local refinement of a shear panel with the meso-macro approach shows a good strain response 
when compared to the reference simulations. This case shows that the approach can be used in 
larger structures resulting in locally a higher fidelity of the simulation. Progressive damage 
analysis will be performed in the future for this particular case. 
 
Other future work involves extension of the woven topologies from flat to single curved section 
and additional impact validation simulations. 
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